A series of MIL-101 samples with hierarchical pore structures and different surface areas (2000-4800 m 2 /g) was synthesized by hydrothermal method and characterized by X-ray diffraction, thermogravimetric analysis and 77-K N 2 adsorption isotherm. The adsorption equilibrium and kinetics of CO 2 were studied at 288, 298 and 308 K within a pressure range of 0-5 MPa by a volumetric method. The adsorption heat, mass-transfer constant, diffusion coefficient and diffusion activation energy were also investigated in this work. The results showed that the chromium-based MIL-101 adsorbent exhibited an impressive selectivity for CO 2 over N 2 , and had an adsorption capacity of 20 mmol/g of CO 2 at 298 K and 5.0 MPa, which was much better than that of other conventional adsorbents (e.g. SBA-15, MCM-41, SG-A). The adsorption heat of CO 2 on MIL-101 was in the range of 21-45 kJ/mol, which decreased with the loading of CO 2 . The mass-transfer constants and diffusion coefficients increased with the temperature and decreased with the pressure, whereas the diffusion activation energy decreased with the increased pressure, indicating that adsorption of CO 2 at high pressures was easier. In addition, a linear correlation was found between CO 2 uptake and surface areas at low pressure, which showed that the adsorption capacity of CO 2 could be controlled by adjusting the surface area of the prepared adsorbents in this condition.
INTRODUCTION
Large amounts of CO 2 are released into the atmosphere due to the burning of fossil fuels, and this increased emission of CO 2 has been considered to be the major contributor to global warming and climate change. Various reports have suggested that more than 85% of world's energy supply will be obtained from fossil fuels in the next couple of decades. Therefore, if no actions to reduce CO 2 emissions are taken, the ambient concentration of CO 2 is projected to increase up to 450 ppm by 2050 (Liang et al. 2009 ). Thus, identifying methods to control CO 2 emissions from industrial operations, especially from coal-fired power plants, has become an urgent need.
Many people think that CO 2 capture and storage (CCS) is an efficient strategy to reduce CO 2 emissions, and thus many research works have been carried out with regard to CCS. Up to date, many viable methods for CCS, including absorption, adsorption and membrane technology, have been well developed . However, the chemical absorption process based on amine solutions has the drawbacks of high energy penalty and environmental issues. The total pressure of flue gas emitted from coal-fired plants is about 0.1 atm and the concentration of CO 2 is about 10-15%. CO 2 flux is very low under this condition if membrane technology is used to capture CO 2 . Therefore, in order to enhance CO 2 flux, we need to improve the driving force through compressor, which will enhance energy penalty. In addition, fabricating cost of membrane is also an important factor influencing the application of membrane technology. Therefore, adsorption using solid sorbents has been identified as the most promising approach for CO 2 capture. However, conventional adsorbents (e.g. zeolites, activated carbons, metal oxides, SBA, MCM), which form the core of adsorption and control its success, are proved to be limited by low selectivity for CO 2 and reduced CO 2 uptake in the presence of other gases (Guo et al. 2006; Liu et al. 2007a; Wang et al. 2008) .
Recently, metal-organic frameworks (MOFs) were shown to have better CO 2 adsorption capacity and separation ability than conventional adsorbents, because of their high surface area, pore volume and microporous porosity (Millward and Yaghi 2005; Walton et al. 2008; Liu and Smit 2009; Zhao et al. 2009 ). However, most MOFs are not stable when exposed to water (Pia et al. 2009 ), and thus are not suitable for CO 2 capture from flue gases because of the presence of moisture.
MIL-101, one of the most porous MOFs to date with hierarchical pore structures and extremely high surface areas, has been proved to be strongly stable upon water adsorption, and has been shown to be a most promising material for CO 2 capture (Chowhury et al. 2009 ). However, most reports about MIL-101 focus on its synthesis, characterization and H 2 /CH 4 storage, and the kinetic study of CO 2 adsorption on MIL-101 was rarely presented (Li and Yang 2008) . It is well known that the adsorption equilibrium and kinetics are important parameters to evaluate the performance of an adsorbent. Therefore, kinetic experiments were performed on MIL-101 samples synthesized by hydrothermal method in this work. The adsorbent was characterized by different methods, such as X-ray diffraction (XRD), thermogravimetric analysis (TGA), N 2 adsorption-desorption. The adsorption of CO 2 and/or N 2 on MIL-101 was then examined and compared with that on conventional adsorbents. The enthalpies of adsorption and diffusion activation energy were also calculated, and an attempt was made to relate the adsorption uptakes of CO 2 with physical properties of the adsorbent at low pressures.
EXPERIMENTAL ANALYSIS

Raw Materials
Terephthalic acid (H 2 BDC; Shanghai Richjoint Chemical Reagents, China, 99%), chromium nitrate [Cr(NO 3 ) 3˙9 H 2 O, Shanghai Richjoint Chemical Reagents, 99%], hydrofluoric acid (HF; Shanghai Shenbo Chemical, China, 40%), N,N-dimethylformamide (DMF; Chinasun Specialty Products, China, 99.5%) and ammonium fluoride (NH 4 F; Chinasun Specialty Products, China, 96%) were all used as obtained without any further purification. Distilled water used in the experiments was prepared in our laboratory. All the gases used in the adsorption measurement experiments were highly purified (99.995%).
Synthesis and Purification
A typical synthesis process was performed following the previously reported procedure (Ferey et al. 2005b ) with a few modifications: Cr(NO 3 ) 3˙9 H 2 O (4.00 g) was dissolved in deionized water (48 cm 3 ), to which H 2 BDC (1.64 g) was added. The mixture is stirred at room temperature (25 °C) for 20 minutes. To this mixture, HF (0.50 cm 3 ), which acts as a mineralizing agent to increase the crystallinity and promote the crystal growth of the final product (Loiseau and Ferey 2007), was added dropwise. After stirring for 30 minutes, the resulting mixture was transferred into a Teflon-lined autoclave and subjected to high pressure for 8 hours at 493 K. After cooling the mixture to ambient temperature, a fine green-coloured powder was obtained as the major product. Significant amounts of non-reacted H 2 BDC were also present in the form of needleshaped colourless crystals along with the product. Therefore, to eliminate this excess H 2 BDC (which causes a decrease in the surface area and pore volume of the absorbent) that is present both on outside and within the pores of MIL-101 (Hwang et al. 2008) , the reaction mixture was filtered through two different fritted glass filters (G1 and G4). The solid product was then transferred into a conical flask and DMF (60 cm 3 /g) was incrementally added (t = 40 minutes) with ultrasonic processing to dissolve the H 2 BDC. The final product was dried at 423 K overnight and then activated separately by adding hot ethanol (75 cm 3 /g) at 373 K for 20 hours and an aqueous solution of 0.03M NH 4 F (150 cm 3 /g) at 333 K for 10 hours. After cooling, the precipitate was filtered and washed with hot water to remove any traces of NH 4 F. Finally, the product was dried at 423 K for 24 hours under vacuum to obtain finely powdered MIL-101.
Characterization
The textural properties of MIL-101 were characterized based on nitrogen adsorption isotherms at liquid nitrogen temperature. The nitrogen adsorption isotherms were measured by ASAP 2020 analyzer. The specific surface area and pore-size distribution (PSD) were evaluated based on BET and non-localized density functional theory (NLDFT), and the total pore volume was evaluated based on the N 2 adsorption amounts at p/p 0 = 0.99. Before performing the nitrogen adsorption measurements, the MIL-101 sample was degassed in situ for 8 hours at 423 K to remove any guest molecules from the pores.
The XRD patterns of the as-synthesized MIL-101 were investigated on a Rigaku D/MAX IIIB diffractometer with Cu butt at the conditions of 40 kV and 30 mA. The scan range was from 5°to 20°at 2°/minute with a step size of 0.05°and step time of 1 second.
Thermal stability test for MIL-101 was carried out in a flowing nitrogen atmosphere (40 cm 3 /minutes) at a temperature between 298 and 800 K with a heating rate of 2 K/minute using a thermogravimetric analyzer.
Gas Adsorption
Low-pressure gas adsorption
Adsorption isotherms of CO 2 at low pressures (<0.1 MPa) on MIL-101 were obtained using Autosorb 1 (Quantachrome). Approximately 80 mg of samples were loaded into sample cell of known weight, and the samples were then degassed at 423 K for 8 hours under vacuum until the outgas rate was less than 3.5 mTorr/minute. The degassed sample and sample cell were weighed precisely and then transferred back to the analyzer. The temperature of adsorption (298 K) was stabilized with a temperature-controlled bath.
High-pressure gas adsorption
Before performing the high adsorption measurement, the MIL-101 sample was dried in vacuum at 423 K for 24 hours. The isotherm measurements of CO 2 and/or N 2 at high pressures up to 5 MPa were performed on the synthesized MIL-101 at 298 K using a typical volumetric apparatus adapted for high-pressure studies. Working principle and details of this volumetric measurements are published previously (Zhou et al. 2003) . The relative precision of pressure transducer (Keller LEX1) was 0.01% for the pressure range of 20 MPa. Temperature was kept constant within ±0.01 °C. Such accuracy in pressure and temperature readings was even higher than that achieved previously (Zhou et al. 2005) .
The dynamic behaviour of the synthesized MIL-101 sample for CO 2 adsorption at 0.5, 1.0, 1.5 and 2.0 MPa with three different temperatures (288, 298 and 308 K) was also obtained based on variations of pressure readings during the adsorption process, which could be used for calculating the variations of adsorption uptakes as a function of time.
RESULTS AND DISCUSSION
Physical Characteristics
Textural property
Six MIL-101 samples (Samples 1-6) were obtained by hydrothermal synthesis and different purification steps described in Table 1 , and their nitrogen adsorption isotherms at 77 K are shown in Figure 1 . According to the IUPAC classification, all isotherms exhibit the features of Type IV isotherm, characteristic of mesoporous solids. The point of inflection shows the formation of a multi-layer (Chowhury et al. 2009 ). In addition, it is found that there are secondary uptakes at p/p 0 = 0.1 and 0.2, indicating the presence of two kinds of mesoporous pores in the MIL-101 sample.
The PSD determined by the NLDFT is shown in Figure 2 . This figure shows the existence of four maxima centred at pore radii of approximately 1.3, 1.8, 2.6 and 3.5 nm, which matches well with the pore size of pentagonal window, hexagonal window, middle cage and large cage calculated from the crystal structure of MIL-101 reported in the literature, respectively (Ferey et al. 2005a) . Besides, the existence of two mesoporous cages corresponds to the secondary uptakes in nitrogen isotherms at 77 K in Figure 1 .
Major parameters of the six MIL-101 samples calculated using the aforementioned methods based on the adsorption isotherms of nitrogen at 77 K are listed in Table 1 . The BET surface areas of the as-synthesized MIL-101 vary from 2129 to 4824 m 2 /g. The variations between the surface areas and pore volume results may be attributed to the presence of varying degrees of residual H 2 BDC species in the pores (Hong et al. 2009 ). In addition, the BET surface area of the sixth sample is as high as 4824 m 2 /g, which is larger than that reported for MIL-101 samples previously (Liu et al. 2007b; Maksimchuk et al. 2008) . Of the six samples prepared in this study, Sample 6 has the highest surface area than previously reported values; however, there still remains a small amount of needle-shaped H 2 BDC attached to the surface of MIL-101, which has been confirmed by scanning electron microscopic images (data not shown). Figure 3 provides the XRD patterns of the six MIL-101 samples. All the XRD patterns exhibit two main characteristic peaks at approximately 8.51°and 9.12°for the structures of MIL-101. The good agreement of the XRD results with the published patterns in the literature confirms the formation of MIL-101 crystals (Krungleviciute et al. 2007) . Figure 4 presents the TGA profiles of the MIL-101 samples. It reveals two distinct weight loss steps. The first step, in the range from 298 to 560 K, corresponds to the loss of guest water molecules, and the second weight loss step from 560 to 665 K corresponds to the elimination of OH/F groups leading to the decomposition of the frameworks (Ferey et al. 2005b) . Therefore, the MIL-101 sample could be still stable at high temperatures up to 560 K.
XRD patterns and thermal behaviour
Low-pressure adsorption
The adsorption isotherms of CO 2 on MIL-101 samples at 298 K and low pressures (<0.1 MPa) are presented in Figure 5 . It shows that CO 2 uptakes at 0.1 MPa increase with the surface areas of sample and no saturation is observed in the whole range. However, the adsorption amounts of CO 2 on MIL-101 at low pressure are very smaller than the value 3.62 mmol/g (at 298 K and 1 bar) reported previously (Zhang et al. 2011) , which may be due to the different amounts of unsaturated Cr(III) sites in MIL-101 as a result of different synthesis methods.
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Zhongzheng Zhang et al./Adsorption Science & Technology Vol. 31 No. 10 Different correlations were tried on the CO 2 uptakes at 0.1 MPa with porous structure parameters of MIL-101, and a linear correlation (correlation coefficient = 0.98) was found for n versus A BET , as shown in Figure 6 . The linearity of the plot shows that the adsorption capacity of CO 2 is basically determined by the specific surface areas, meaning that the surface area plays an important role in the CO 2 capture in this adsorbent and the other porous structure parameters play only a minor role in the adsorption process.
High-pressure adsorption
Adsorption isotherms of CO 2 and N 2 at high pressures up to 5 MPa on the sixth MIL-101 sample were collected at 298 K and are shown in Figure 7 . The isotherms of CO 2 and N 2 are quite much separated, which reveals that the material MIL-101 prefers to adsorb CO 2 . Therefore, the material is potentially applicable for the separation of CO 2 /N 2 .
In addition, CO 2 adsorption isotherms at 293 K on other conventional adsorbents, such as SBA-15 (546 m 2 /g, 6.0 nm), MCM-41 (934 m 2 /g, 3.7 nm), SG-B (483 m 2 /g, 4.5 nm), SG-A (649 m 2 /g, 1.6 nm) and 13X (513 m 2 /g, 1.0 nm), were also obtained and compared with that on MIL-101 at 298 K, as shown in Figure 8 . It is found that the adsorption uptakes of CO 2 on MIL-101 are much better than that on other conventional adsorbents at high pressures, as well as at low pressures except 13X.
Isosteric heat of adsorption
The enthalpy of CO 2 adsorption on MIL-101, characterizing the interaction between adsorbates and adsorbents, is evaluated based on the isotherms of CO 2 at different temperatures using a modified version of the Clausius-Clapeyron equation (Arstad et al. 2008) (1)
where ∆H ads is the isosteric heat of adsorption at specific loading (kJ/mol), T is the temperature, p is the pressure, and R is the universal gas constant. The isotherms of CO 2 at three different temperatures (288, 298 and 308 K) on the sixth MIL-101 sample were collected and shown in Figure 9 , in which CO 2 uptakes increase with the decreasing of temperature. The adsorption enthalpy of CO 2 on MIL-101 was calculated and shown in Figure 10 . It can be observed that the adsorption heat varies and decreases with the increase in the surface CO 2 loading, suggesting a strong heterogeneity on the MIL-101 surface. At the onset of adsorption, adsorption enthalpy is approximately 45 kJ/mol, which is higher that of CO 2 on zeolites 13X, 5A, activated carbon and MOF-5 (Hyun and Danner 1982; Dunne et al. 1996) . At higher coverage, adsorption heat decreases to 21 kJ/mol and remains constant. The reasons for the variations of adsorption heat from 45 to 21 kJ/mol are that at low coverage there exists a strong interaction between CO 2 and the unsaturated Cr(III) sites, while at a higher coverage the interactions between CO 2 and the pentagonal and hexagonal windows become lower (Chowhury et al. 2009 ).
Dynamic behaviour
Kinetic curves of CO 2 adsorption on the sixth MIL-101 sample at different pressures (0.5, 1.0, 1.5 and 2.0 MPa) with three temperatures (288, 298 and 308 K) are shown in Figure 11 . Therefore, the mass-transfer constants of CO 2 can be evaluated from the kinetic curves with the following linear driving force model (Li and Yang 1999):
(2) where n* refers to the equilibrium adsorption uptakes of CO 2 , n is defined as CO 2 uptakes at time t and k eff is the mass-transfer constant. Figure 12 shows the plots of ln[(n*-n)/n*] versus t for CO 2 adsorption, taking the kinetic curves at 0.5 MPa with different temperatures for example. From the slopes of these lines, the mass- transfer constants can be calculated and these are listed in Table 2 , which states that k eff increases with temperature and decreases with pressure. Besides, the diffusion coefficient D e was also evaluated on the basis of k eff with the equation (3) ( 3) where R p (= 3 µm) is the average particle radius of MIL-101, measured by Mastersizer 2000. The values of D e are also listed in Table 2 .
Finally, E a , the diffusion activation energy, was calculated on the basis of the series of D e using the Arrhenius equation (4) The plots of lnD e versus 1/T show a good linearity, as shown in Figure 13 . Through the slope, the value of E a was evaluated and listed in Table 2 . It is found that E a value was in the range of 2.17-5.00 kJ/mol, and Zhao et al. (2009) reported the diffusion activation energy of CO 2 on MOF-5 was 7.61 kJ/mol, which is higher than the E a value in this work, showing that the diffusion rate of CO 2 on MIL-101 is higher than that on MOF-5. In addition, the experimental data indicate that E a decreases with the pressure. 
CONCLUSIONS
A series of MIL-101 samples with different textural properties was synthesized by the hydrothermal method, and examined for CO 2 adsorption equilibrium and kinetics. The synthesized MIL-101 exhibits much higher CO 2 adsorption uptakes at high pressure than that on other conventional adsorbents (SBA-15, MCM-41, SG-A, SG-B and 13X), and its adsorption capacity of CO 2 is only slightly lower than 13X in the condition of low pressure. In addition, MIL-101 shows preferable adsorption affinity for CO 2 than for N 2 , indicating it is very suitable for the separation of CO 2 /N 2 mixture from flue gases. The adsorption enthalpy of CO 2 on MIL-101 is as high as 45 kJ/mol at lower coverage, which decreases to 21 kJ/mol at higher coverage. Besides, the diffusion activation energy is in the range of 2.17-5.00 kJ/mol.
